In recent years there has been growing interest in investigating and understanding cellular interactions of nanoengineered particles, as their cellular dynamics can inform key aspects for ensuring safe and effective therapeutic delivery using particle carriers. Previous studies have
shown that endocytosis provides a major route for cellular entry, and that the lysosomal compartment is the predominant intracellular destination for different types of particles. 1, 2 While current work is heavily focused on mapping endocytic pathways involved in particle internalization, 3 the cellular processing beyond lysosomal accumulation of incoming particles is generally poorly understood.
Traditionally, endocytosis has been regarded simply as a process for ingesting external molecules prior to digesting them, or recycling them back to the cell surface. 4 More recently, it has become clear that the endocytic systems are intimately connected with other seemingly disparate cell functions, such as cell migration, antigen presentation and cell division. 5, 6 For example, asymmetric partitioning of endosomes has been observed at the initial cleavage of both the C. elegans embryo 7 and mammalian haematopoietic stem cells. 8 Such asymmetric distribution results in an unequal partitioning of key signaling molecules (i.e., Notch and Delta) between two daughter cells, which may be pivotal in the maintenance of the stem cell niche. The understanding of how internalized particles redistribute when the original cell divides into two daughter cells is particularly important for proliferative cells, such as cancer cells, as cell division would lead to dilution of the intracellular particle concentration (and hence drug payload) during therapy. To date, few studies have reported on the distribution of particles during cell division despite the fact that many different types of nanoengineered particles have been generated. It has been shown that nanodiamonds 9 and silica microparticles 10 are equally distributed between two daughter cells, whereas, by contrast, the dilution of quantum dots 11, 12 4 upon cell division leads to asymmetric segregation. The different patterns of mitotic partitioning observed in such studies suggest that internalized particles, which have accumulated in the endocytic systems, may be further regulated during cell division. Investigations on the deterministic and stochastic mechanisms of particle partitioning are likely to shed light on the particle heterogeneity at the cell population level, providing a global landscape of cellular dynamics.
A number of polymer-based particle systems have been developed to facilitate drug solubility and improve drug pharmacokinetics, such as self-assembled polymersomes and micelles. 13 Alternatively, templated assembly, which is a simple and versatile fabrication process, has emerged as a key approach in the preparation of polymer particles with well-defined and controllable physicochemical properties. This is exemplified by the development of a suite of polymer particles/capsules with controlled size, shape, and surface functionalization through layer-by-layer (LbL) assembly using nonporous particle templates. 14, 15 Templating porous particles, which involves polymers infiltrating the internal pore network, has yielded a new class of replica particles, termed nanoporous polymer particles (NPPs). 16, 17 Such polymer particles exhibit high cargo loading capacity due to their large surface area as a result of the porous templates. Mesoporous silica (MS) particles have been employed in the generation of a range of NPPs with different chemical composition, including polypeptides, synthetic polyelectrolytes, and polysaccharides. 16, 17 Recently, progress has been made in applying NPPs for therapeutic delivery in a number of pathological scenarios. [18] [19] [20] For example, nanoporous poly(L-glutamic acid) particles have been developed to deliver a brain-derived neurotrophic factor (BDNF) in an animal model to rescue neuronal cells that have lost their endogenous neurotrophin supply, 18 whilst nanoporous poly(L-5 lysine) particles have been used to codeliver a plasmid DNA and a peptide hormone for concurrent stimulation of melanogenesis in mammalian melanocytes. 19 Recently, we reported a novel drug-loaded particle system which combines drug-polymer conjugates and MS templating. 20 These particles are prepared by infiltration of drug-conjugated thiolated poly(methacrylic acid) (PMA SH ) into submicron-sized MS particles, followed by subsequent oxidation of the thiol groups in the PMA SH to form stable disulfide bonds, and dissolution of the silica templates. The resulting drug-loaded PMA SH particles exhibit excellent monodispersity and are cytotoxic to colorectal cancer cells. 20 Given the simplicity of this approach, PMA SH NPPs present an interesting therapeutic delivery particle system for biological applications. However, detailed studies on the cellular interactions of NPPs, and subsequent particle partitioning during cancer cell division, are yet to be performed.
Herein, we examine the cellular interactions, intracellular fate, mitotic partitioning, and cellular responses of PMA SH NPPs. Our results show that these particles are effectively internalized by HeLa cells, traffic from early endosomes to lysosomes within a few minutes, and ultimately accumulate in the lysosomal compartments. Using both time-lapse and static fluorescence microscopy, we show that upon cell division, these lysosome-enclosed particles are distributed asymmetrically between two daughter cells. Additionally, proteomics techniques, based on 2D-DIGE and liquid chromatography coupled with tandem mass spectrometry (nano LC-MS/MS), have been used to elucidate potential underlying cellular mechanisms. We have identified 18 proteins that are differentially regulated. Importantly, all of these 18 proteins strongly align with the ubiquitylation network, suggesting a critical role of ubiquitylation in particle trafficking and sorting. Taken together, our data provide novel insights into cellular interactions of PMA SH particles with respect to their intracellular trafficking and mitotic 6 partitioning, which has implications in particle dynamics at both single cell and cell population levels.
RESULTS AND DISCUSSION
The PMA SH NPPs used in this study were prepared as described previously, 20 and were characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS) and microelectrophoresis. These particles are monodisperse with an average diameter of 500±50 nm showed substantial uptake of the particles, which is consistent with previous reports that submicron-sized PMA SH capsules are readily internalized by a range of cells. 21, 22 Next, we sought to acquire detailed information on the intracellular trafficking of the PMA SH particles. In this study, we examined the subcellular destination of PMA SH particles using to lysosomes, which is also observed for other nanoparticles. 23 This rapid trafficking of particles from early endosomes to lysosomes within a few minutes was observed in four independent time-lapse live cell experiments. An additional example where the trafficking between early endosomes to lysosomes was about 7.5 min is shown in Figure S1 . The final intracellular distribution of the particles was further confirmed by immunostaining with the lysosomal marker, LAMP1. As shown in Figure 4 , the internalized PMA SH NPPs exhibited strong colocalization with lysosomes in the cells that had been incubated with the particles for 24 h.
Taken together, our data suggest that following internalization, PMA SH NPPs transiently fuse with early endosomes and ultimately accumulate in the lysosomes as their final intracellular destination after 24 h.
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To examine the impact of the lysosome-trapped particles on mitosis, cell proliferation was evaluated using flow cytometry. Cells were incubated with PMA SH particles at a particle-to-cell ratio of 100:1 for 24 h, followed by incubation in particle-free complete media for an additional This asymmetric mitotic partitioning was observed in three independent time-lapse live cell experiments, and an additional example is shown in Figure S3 .
To assess the population variation in mitotic partitioning of the particles, we sought to quantitatively evaluate the particle redistribution between the two daughter cells. After exposure to the particles for 24 h, cells were cultured in particle-free growth media for 20 h to allow them to continue through the cell cycle, as the mean division time for HeLa cells is 20.5 h. 12 This allows the cell population to progress through the cell cycle in the absence of the particles, which ensures that the particles observed in individual daughter cells were inherited from the parental cells. By immunostaining the microtubules with a mouse anti-α-tubulin monoclonal antibody, 152 cells undergoing cytokinesis were identified, and the number of particles in each daughter cell was determined.
In order to quantify the asymmetry, the segregation deviation (%) was calculated (see Methods for details). The frequency of segregation deviation was plotted ( Figure 6 ). This showed that the segregation deviation peaked at 60%, suggesting dilution of the lysosome-enclosed particles across cell generations is biased. Although the molecular mechanisms of lysosome inheritance are yet to be revealed, studies have suggested that endosomes and lysosomes are partitioned as intact vesicles. 24 Typically, lysosomes are accumulated in the vicinity of the microtubule organization center during cytokinesis and segregated into daughter cells by coordinated movements in a stochastic fashion. 24 Although several previous studies have shown that cell division results in a decrease in intracellular concentration of both nanodiamonds and silica microparticles by symmetrical dilution in two daughter cells, 9,10 by contrast, studies on quantum dots have reported that partitioning during cell division is a random and asymmetric process, resulting in a faster dilution of quantum dots at the cell population level compared to symmetrical segregation. 11, 12 It has been suggested that the mitotic partitioning of internalized particles may be intimately connected to particle-induced cellular stress. 12 Consequently, asymmetrical division of particles may present a strategy to reduce the risk from an external toxin at the cell population level. 12 Mass-spectrometry-based proteomics techniques have recently been demonstrated to be powerful tools for investigating cellular mechanisms and analyzing particle-induced cellular responses. 25 To identify differentially expressed proteins in response to PMA SH NPP exposure for 24 h, 2D-DIGE and nano LC-MS/MS were employed to compare the overall changes between treated and untreated HeLa cells. Six cell culture replicates of each group were prepared (to allow statistical analysis 26 ). Half of each set was labeled with Cy3 and the other half with Cy5 DIGE label using a reverse labeling strategy. 26 Additionally, an internal control was prepared with equal volumes of each extract from both conditions and labeled with Cy2. 26 Randomly paired samples with opposite labeling and opposing conditions were mixed together with the internal control and separated on pH 3−10 nonlinear 24 cm IPG strips using cup loading, followed by separation on precast large format 12.5% gels. Following the 2D separation, gels were scanned on a Typhoon scanner and the images analyzed using the DeCyder software package. Excellent reproducibly was noted between the six replicate gels ( Figure S4 ). DeCyder analysis showed that, of the 3059 spots recognized on the gels, 127 spots were differentially regulated (n = 6, p<0.05, data not shown). However, the level of change was typically relatively low (less than twofold). This is in agreement with our previous proteomics studies on cellular responses to nanoparticles, indicating that the changes induced were relatively subtle. 25 Following silver staining, 20 of the 127 differentially regulated spots were deemed suitably abundant for proteomics analysis. A landmark spot (spot 21, S4a) was taken as a reference point.
All of these spots yielded interpretable data, and a total of 18 distinct proteins were identified from the major component(s) of each spot with multiple peptides corresponding to each protein identified (Table S1 ). Several proteins were identified in more than one gel spot, suggesting modifications or different isoforms were detected.
Interestingly, 10 of these proteins (55.5%) (HNRNPL, EIF4A3, RPLPO, DLD, PKM2, VIM.
HSPA8, HSPD1, HNRNPC, ENO1) had been previously identified in a meta-analysis of the 138 11 proteins reported in other proteomics-based analyses of cellular responses to nanoparticles on human cells, 25 confirming that, irrespective of the particle nature, a number of common pathways are regulated following particle uptake by cells.
Notably, 60S acidic ribosomal protein L0 (RPLP0) was identified in two adjacent spots (6 and 7, Figure S4a ) of similar molecular weight but with different apparent isoelectric point (pI) values and expression moving in opposite directions, suggesting that either posttranslational modifications or different splicing isoforms were present. Though not definitive, dephosphorylation of RPLP0 following particle exposure is a strong possibility. Additionally, heterogeneous ribonucleoprotein C (HNRNPC) was identified in two spots (18 and 19, Figure   S4a ) with differing molecular weights. Both of these spots were among the most strongly upregulated in the DIGE analysis, with each displaying a similar increase in expression in particle-treated cells (1.62 and 1.72 fold, respectively). The peptides identified in the two spots clearly differentiated the alternative transcript/protein forms with an additional exon being present in the larger form ( Figure S5 ).
Bioinformatics analysis using Ingenuity Pathway Analysis (IPA) software was performed to interpret the molecular networks and biological functions of the differentially regulated proteins ( Figure 7 ; an enlarged form is provided in Figure S6 ). Twelve out of 18 of the proteins that we identified were clustered around a network involved in functions of molecular transport and protein trafficking (Figure 7a ). While less well populated, 5 out of 18 of the proteins were ascribed a role in molecular transport and RNA trafficking (Figure 7b) . Strikingly, the overlay of these two standard networks appeared to feed into the ubiquitylation network (Figure 7c ).
Traditionally, ubiquitylation has been regarded as a protein degradation mechanism by reversibly modifying proteins with ubiquitin and subsequently directing them to the proteasome. 27 More 12 recently, evidence has demonstrated that ubiquitylation also plays critical roles in nonproteolytic functions, such as endocytosis. 28 For example, the addition of single ubiquitin moieties to epidermal growth factor receptor (EGFR) cytoplasmic tail induces its internalization and trafficking to lysosomes. 29 Further, ubiquitylation of cell membrane receptors of several viruses, such as influenza virus 30 and herpes simplex virus, 31 is required for virus entry and trafficking. In particular, the balance between ubiquitylation and deubiquitylation has been suggested to govern the efficiency of recycling form endosomes to the plasma membrane versus lysosomal sorting through the multivesicular body pathway.
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Taken together, the proteomics data demonstrate that ubiquitylation activities are the major cellular responses to the particles, suggesting the central role of ubiquitylation in regulating the particle uptake and trafficking. Clearly, we are only at the beginning of understanding the ubiquitylation functions in the cell-particle interactions, and more work will be needed to further examine the proteome and identify the cellular proteins that are specifically and reversibly modified in response to the PMA SH NPPs.
CONCLUSIONS
The present study provides the first investigation of cellular interactions as well as cellular regulatory networks of PMA SH NPPs that are being developed for biological applications. The interactions between the PMA SH NPPs and HeLa cells have been qualitatively and quantitatively characterized using various techniques, including fluorescence imaging and proteomics. Our data have shown that the particles rapidly traffic from early endosomes to lysosomes following internalization, which occurs over a few minutes. Using both static and time-lapse imaging modes, this study provides quantitative evidence that the internalized particles are partitioned asymmetrically between two daughter cells upon cell division. The biased segregation of 13 particles gives rise to daughter cells that differ in particle dose, providing valuable information on the heterogeneity of particle inheritance. Furthermore, the proteomic analysis has identified a number of differentially expressed proteins upon exposure to the PMA SH NPPs to HeLa cells, and suggests that ubiquitylation is a key signal triggered by the particles. It is also noted that the intracellular mobility of particles is strongly influenced by particles size, shape and surface chemistry, as well as cell physiology. Hence, future studies will be aimed at identify the physicochemical properties of particles that govern cellular processing. 32, 33 Nonetheless, the reported findings shed light on the mechanisms that govern the cellular journey of the particles, from trafficking to inheritance. Understanding the intrinsic regulatory networks of the particles will be key to evaluating their efficacy and safety for their biological applications, and potentially allowing control of particle internalization, trafficking and localization at subcellular levels. Excised gel spots were digested as previously described particles at a 100:1 particle-to-cell ratio over a 24 h incubation period at 37 °C and 5% CO 2 . 
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